The reversibly and repeatedly altered gliding motility of microtubules driven by kinesin on the photoresponsive monolayer surface is studied. It was confirmed that an azobenzene monolayer surface needs to have free amino terminal groups for the successful dynamic control of the motility of microtubule. The surface of azobenzene monolayer with terminal amino groups can dynamically control 10 the ATP hydrolysis activity of kinesin which resulted in the change in motility of microtubule.
Introduction
The regulation of nano assembly devices and molecular machines using biomolecular motors as promising components is one of the hot topic in nanotechnology and bioengineering. [1] [2] [3] [4] [5] [6] [7] [8] [9] Kinesins are 15 prominent microtubule associated motor proteins, which play a central role in both structural and biological functions of the cells. [10] [11] [12] The fundamental role of kinesin is to actively distribute the intracellular materials like organelles, vesicles, chromosomes along the microtubules 13, 14 and to drive the cell division process 20 by converting the chemical energy of adenosine triphosphate (ATP) into mechanical energy with the positional movement towards the fast polymerizing plus ends of microtubules. [15] [16] [17] Each kinesin molecule has two "heads", a 50 nm long semiflexible coiled-coil region which binds to microtubules and 25 hydrolyses ATP and a "tail", which is thought to bind to the cargo. 18 Among the molecular motors, the kinesin-microtubule system is used widely for developing nanoscale biodevices, because the motility can be regenerated on a surface comparatively easily. In the common in vitro construction of 30 the kinesin-microtubule system, the kinesin are adsorbed onto a surface such as glass and microtubules are able to glide across the kinesin coated glass surface. 14 The kinesin-microtubule system has other advantages such as, its small size, and the linear movement of single kinesin along the microtubule compared to 35 other molecular motor proteins. 19, 20 The ability to reversibly control the speed of microtubule gliding and the direction of movement on the surface of kinesin by external stimuli would greatly improve the sophistication of nano devices. Several methodologies have been used for the 40 artificial control of microtubule function which includes microlithographic tracks, 21, 22 electric and magnetic fields, 23 antibody 24 and so on. When considering the biodevices in the future, photochemical energy inputs offer advantages compared to chemical energy inputs because (i) light does not generate 45 waste products; (ii) it can be switched on/off easily and rapidly; (iii) photons, besides supplying the energy to the system, can also be useful to "read" the state of the system and thus to control and monitor the operation of the machine etc.. Higuchi et al. 25 used the caged ATP as photo-controlled switch, because their inactive 50 caged states (OFF state of motility) can be converted to active uncaged states (ON state of motility) by UV light irradiation. Another group successfully used the photolysis of caged ATP to develop molecular shuttles on engineered kinesin tracks. 26 On the other hand Tatsu et al. demonstrated the switching of kinesin's 55 activity from the ON state to the OFF state by the photolysis of caged peptide derived from the kinesin C-terminus domain working as an inhibitor. 27 In that study, they successfully demonstrated an 80% reduction of the initial gliding velocity of microtubules on the kinesin surface after the photochemical 60 deprotection of the o-nitrobenzyl protecting group on the caged peptide. All these methods can either trigger the initiation of the movement or cessation of the microtubule motility. To design the more useful nanoscale biodevices, it is important that the system should provide ON and OFF switching of gliding motility at any 65 desired time and at any desired position in space. To the best of our knowledge the light controlled reversible and repeated switching of microtubule motility was demonstrated only by our group. 28 We reported the reversible and repeated regulation of the 70 motility of microtubule by the photoisomerization of the underlying monolayer using two different wavelengths of light. 28 For the fabrication of such photoresponsive monolayer, we employed a derivative of azobenzene; one of the most studied photochromic compounds [29] [30] [31] [32] [33] due to its strong photo-switching effect, reversibility and simplicity of incorporation, 34 with a triethoxy silane group which react with the glass surface to be 5 anchored and a lysine group which can interact with motor proteins. Using this approach, we described the reversible and repeated control of the gliding velocity of microtubules driven by kinesin on the azobenzene monolayer (with a maximum of 15% difference in velocity) upon irradiation with UV and visible 10 light. 35 In this paper we are reporting the generality of the system in the repeated regulation of fast and slow modes of microtubule gliding motility by devising a series of surface of azobenzene monolayers with various terminal groups. We also propose a mechanism that accounts for the changes in the velocity of 15 microtubule when the photoresponsive monolayer surface is isomerized between E and Z states upon irradiation of different wavelengths of light. We believe that the method developed here should be applicable in forthcoming nanoscale biodevices based on the kinesin-microtubule system.
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Experimental
Materials
Unless otherwise noted, all reagents including solvents were obtained from major commercial suppliers such as TCI, SigmaAldrich and Wako used directly without further purification. 25 DMF was routinely dried and/or distilled prior to use and stored over molecular sieves (4A). Column chromatography was performed with silica gel (63-210μm).
General methods, instrumentation and measurements
1 H NMR spectra were recorded at 400 MHz using TMS as an 30 internal standard. Matrix-Assisted Laser Desorption Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS) was performed on an applied Biosystems Voyager-DE pro instrument with positive-ion mode. Absorption spectra were recorded on an Agilent 8453 spectrophotometer and also a Hitachi U-3100 35 absorption spectrophotometer. Photo-isomerization studies were conducted using a mercury-xenon lamp (Hamamatsu photonics K.K 200W) after passage through appropriate filters (366 or 440 5 or >500 nm). Microtubules motility assay were carried out using fluorescence microscope (Olympus BX50 or Nikon TEi) equipped with a high NA objective lens (100x, 1.30 NA for Olympus BX50 and 100x, 1.45 NA for Nikon TEi) and the 10 fluorescence image was recorded with appropriate filters (Chroma) to remove the excitation light, back-illuminate electron-cooled CCD camera (EM9100-12, HAMAMATSU), and the image processing system AQUACOSMOS (HAMAMATSU). Both were performed at room temperature (22 °C).
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Synthesis
The synthetic route to compounds 1b′-e′ and 2a are illustrated in Scheme 1-3 and compound 2b was commercially purchased. Synthetic details of 1a′ were reported in our previous paper. Detailed synthetic procedures for 1b′-e′ and 2a are described and potassium carbonate (2.8 g, 38 mmol) was dissolved in acetone (60 mL) and the mixture was refluxed for 12 hours under argon atmosphere. The mixture was then diluted with brine and was extracted with ethyl acetate (EtOAc); the combined extracts were dried (MgSO4) and the solvent was removed under reduced 75 pressure. The resulting mixture was submitted for silica column chromatography using a mixed solvent (DCM / EtOAc, 9:1) and 13 was obtained in 91% yield. 
Preparation of monolayer
Preparation of monolayer was done by a modification of the 35 methods described elsewhere 38 through the formation of siloxane linkages between 1a-d or 2a and the substrate. Glass or quartz plates were purified ultrasonically in acetone, in concentrated nitric acid and aqueous solution of saturated sodium bicarbonate in sequence. Each ultra-sonication was carried out for 10 min and 40 followed by washing with Milli-Q water. After drying at 120 °C for 30 minutes, the plates were dipped in a mixed THF solution containing compound 1a′-e′ along with compound 2a or 2b (total concentration: 2 mM) at room temperature for 30 minutes. The modified plates were dried at 120 °C for 30 minutes and washed 45 ultrasonically in THF for 10 minutes and dried again at 120 °C for 30 minutes. The tert-Boc protecting groups of 1a′-e′ were removed by dipping the monolayer in a 30 % trifluoroacetic acid (TFA) in DCM solution 39 which yielded the target compounds 1a-e. The quantitative removal of the tert-Boc protecting group 50 was verified by the measurements of contact angle before and after deprotection.
Optical measurements and photoisomerization
For photo-switching the azobenzene 1a′-d′, samples (in acetonitrile, 22 °C) were irradiated at 366 nm (trans to cis) and 55 >500 nm (cis to trans), and 1e′ sample (in DCM, 22 °C) were irradiated with 366 nm (trans to cis) and 440 nm (cis to trans) respectively, using a mercury-xenon lamp (Hamamatsu photonics K.K 200W) and band-pass filters (366, >500 and 440 nm). Thermal relaxation of the cis to the trans isomer was monitored 60 with the same spectrophotometer under dark condition. The absorption spectra of mixed monolayer of 1a-e incorporated on a quartz plate were recorded with same method and time as in solution, before and after photoirradiation using appropriate band-pass filters (366, >500 and 440 nm) on a Hitachi U-3100 65 absorption spectrophotometer.
Contact angle measurements
The sample consisting of the monolayer was placed on a flat surface and water which is used as fluid was dropped on the sample using syringe. The image of the sample was obtained by 70 adjusting the light and focus of the camera. To confirm the deprotection of tert-Boc group, images were taken before and after deprotection and to know the reversible changes in surface property upon photoirradiation; images were taken before and after 366 nm wavelength light irradiation.
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Proteins preparations
Tubulins were purified from porcine brains through two cycles of polymerization-depolymeraization processes in the presence of a high-molarity PIPES buffer. 40 MTs were polymerized using the purified tubulins and labelled with tetramethylrhodamine 80 succinimidyl ester. Kinesin utilized in this research was a recombinant kinesin consist of 573 amino acid residues from Nterminus of a conventional human kinesin. This recombinant kinesin fused with His-tag in the N-terminus (plasmid; pET30b) was expressed in Escherichia coli Rosetta (DE3) pLysS and 85 purified by the general method utilizing Ni-NTA-agarose. The flow cells were prepared by placing two strips of doublestick tape on a glass slide ca. 6-9 mm apart and covered with an 18x18 or 22x22 mm cover slip consisting of monolayer. The 5 inner volume of the obtained flow cell was ca. 10-12 µL. Solutions were pipetted on one side and sucked out on the other side by capillary action using Whatman filter paper or a Kim wipe as shown somewhere.
41, 42
Motility assays 10 For these experiments, a simple protocol by using the standard capillary flow technique reported elsewhere for kinesin motility assay with polarity marked taxol MTs 11 was employed. For all experiment the starting buffer was BRB80 (80 mM PIPES, 2 mM MgCl 2 , 1 mM EGTA, pH 6.95 with KOH). The azobenzene 15 embedded flow cells were sequentially filled with a standard kinesin solution (0.3069 mg/mL, which is just sufficient for the movement of MTs) and kept in moist condition for five minutes. Unbound kinesins were washed out with a solution containing 20 μl of BRB80 assay buffer + 1 mM DTT + 1 mM MgATP + 10 20 µM taxol. And then a motility buffer consisting of BRB80 and microtubules labelled by tetramethylrhodamine succinimidyl ester were stabilized with taxol (5-10 μm in length). After keeping this for five minutes, the unbound MTs were washed out by the assay buffer containing taxol with an added oxygen 25 scavenger system (2-mercaptoethanol: 0.14 M, glucose 20 mM, catalase: 20 µg/ml, glucose oxidase: 100 µg/ml). The flow cells (2), (4), (6), (8) 8) (PSS) at 366 nm. (c) PSS at visible light. The inset in the left side shows the absorbance changes at 376 nm after alternating irradiation at 366 nm and visible light over five cycles. Inset in the right side shows the thermal-back relaxation at 22 °C in the dark with the indicated time as well as spectra of pure E-isomer (a) and photostationary state under 366 nm light irradiation (b). Smoothing was done to the original spectra of the monolayer to remove spike like noise coming from the instrument.
were sealed with immersion oil to prevent evaporation and were 5 transferred to the fluorescence microscope. The translocation of MTs were monitored and recorded after UV and visible light irradiation.
ATPase assays
In the presence of azobenzene monolayer and microtubules, the 10 kinesin ATPase activity was measured via a simple and sensitive colorimetric assay based on the determination of released inorganic phosphate ion by an improved malachite green procedure. 43, 44 In short, at fixed time intervals, aliquots were removed from the motility assay system and quickly mixed with 15 equal volume of ice-chilled perchloric acid (PCA) and malachite green reagent. The mixture was kept at 25 °C for 40 minutes and then the absorbance was measured at 630 nm with a Hitachi U-3100 absorption spectrophotometer and concentration of inorganic phosphate (Pi) was determined. Then the same flow 20 cell was irradiated with 366 nm light until the sample reached its photostationary state (PSS). The aliquots at fixed time intervals were removed from the motility assay system and mixed with equal volumes of ice-chilled PCA and malachite green reagent and the same procedure was repeated. In order to know the 25 reproducibility, the above procedure was repeated by irradiating the flow cells with visible light.
Results and Discussion
The dynamic control of the motility of microtubule driven by kinesin, upon photo-isomerization of azobenzene monolayer was 30 studied with alkyl silane compounds shown in Chart 1, namely, 3-(triethoxysilyl)propyl urea attached to azobenzene moiety with one lysine (1a), arginine (1b), glutamic acid (1c) or malonic acid residue (1d) at the end and a 3-(triethoxysilyl)propyl 6-hydroxyhexanoic amide attached to azobenzene moiety with lysine 35 residue (1e) at the end. One of the issues in the synthesis of silane functionalized azobenzene was the difficulty in purifying the final product. Without the purification of the final products, on the basis of HPLC, we estimated 93% purity with unreacted azobenzene starting material as impurity. Since the azobenzene 40 starting material is not reactive towards the glass surface, we did not consider its presence as a problem for monolayer formation.
One of the important parameters for fabrication of dynamic monolayer surfaces is reversibility of switching. Pace et al. 45 already reported that steric constraints of tightly packed matrixes 45 can restrict conformational changes, thus hindering isomerization in azobenzene. In order to avoid such hindrance, we prepared a mixed monolayer which can reduce the steric constraints. For compound 1a-d, we used 90% of non-photo isomerizable compound 2a for preparing mixed monolayer which forms 50 hydrogen bonding with each other, and for 1e we used 90% of 2b. The removal of tert-Boc groups on the surface upon TFA treatment is confirmed by the change in the contact angle. The contact angle of monolayer, before release of tert-Boc group of 1b′ was 74° and after 4 h treatment with TFA, it is reduced to 66°. 55 The other compounds also show the similar trend of water contact angle, which is summarized in the table (ESI table S1 ). Fig. 1 shows the absorption spectra of azobenzene monolayer before and after photoirradiation on a quartz plate and also in solution. The details of absorption spectra of 1a on quartz surface 60 and in solution are described in our previous report. 28 The absorption spectra of monolayer of 1b on quartz surface before the irradiation of 366 nm light shows a strong absorption band at 375 nm which corresponds to the π-π* transition of the substituted E-azobenzene. The intensity of the band is decreased 65 upon 366 nm light irradiation and the n-π* transition band around 500nm was increased. The film reaches its photo stationary state within 40 seconds. On further irradiation with >500 nm wavelength light led to the recovery of the π-π* transition; the system reached another PSS within 240 seconds. These spectral 70 changes can be repeated for many cycles (inset). The similar behaviour of absorption spectra was observed for 1b′ maintaining tert-Boc groups in CH 3 CN solution which is the typical phenomenon shown between the E and Z isomerization states of azobenzene derivatives.
46, 47 The thermal stability of Z isomer of 75 1b′ in CH 3 CN at 22 °C, (the temperature at which microtubule motility assay has been done) was also confirmed under the dark condition (inset). Only very small percentage of Z isomer of 1b′ converts into E isomer after 1h and for a complete recovery, it takes more than 24 h (Fig. 1, right) . Therefore, the contribution of 80 thermal-back reaction can be excluded from our few hour experiments of the motility assay. Similar photoisomerization changes and thermal stabilities are observed for 10% 1c or 1d along with 90% 2a and 1e with 2b on quartz surface and also in corresponding solution of 1b′-e′ upon alternate irradiation of 85 corresponding UV and visible light. After 366 nm light irradiation, the film reaches its PSS within 40 seconds for 1c, 1d and 1e. On further irradiation with corresponding visible light, the film reaches another PSS within 300 seconds for 1c and 1d and for 1e it is 270 seconds. From the spectra, conversion to the Z 90 isomer is estimated to be about 40-50 % under 366 nm light photostationary state. In addition to UV-visible absorption spectroscopy measurements, the reversible conformation changes of azobenzene monolayer surface were confirmed by means of 95 contact angle measurements (Fig. 2) . The contact angle of monolayer surface of 1a before irradiation was 65±1º. After UV irradiation it increased to 69±1º. Regardless of the terminal group, the contact angle was increased after irradiation with 366 nm light irradiation. Monolayers of 1b-e also showed good reversible 100 photo switching of surface wettability by UV and visible irradiation (data not shown).
The velocity of rhodamine-labelled MTs on kinesin-containing surface, functionalized with azobenzene derivatives was evaluated with the inverted motility assay. 11 It is already known 105 that in order to get the proper orientation and to avoid inactivation of kinesin, blocking proteins such as casein, streptavidin, bovine serum albumin are adsorbed first on the substrate. [48] [49] [50] [51] But in the present study we systematically removed (1) the blocking proteins and introduced kinesin directly on the photoresponsive azobenzene monolayer. Since there is no blocking protein, we first confirmed the kinesin activity with observable microtubule speed by measuring the average speed of a large population of microtubules. We found that, even though 10 the length of time that the kinesin was catalytically active on the azobenzene monolayers was shorter than that on the corresponding surfaces having blocking proteins, it was sufficiently long enough to perform all of the motility experiments prior to a serious decrease in activity. Next, we 15 investigated the effect of UV light irradiation on the motility of MTs driven by kinesin in the presence of ATP without functionalized surface. The result shows that the gliding velocities of MTs with (black circle) and without (triangle) UV irradiation was almost identical (ESI Fig. S2 ). This suggested that, 20 UV irradiation on a flow cell did not make any detectable effect on the microtubule gliding motility. In order to know the effect of isomerization of the azobenzene moieties for the motility of rhodamine-labelled microtubules driven by the kinesin-mediated ATP hydrolysis, starting with the 25 azobenzene monolayer in the E state, the average gliding velocity of the microtubules was measured. The Z rich state of the azobenzene monolayer obtained after 366 nm wavelength light irradiation of flow cell, showed the higher velocity of the microtubule than in the E state in 1a-c and 1e, making it possible 30 to induce the statistically significant velocity change. Further irradiation of flow cell with appropriate visible light, the motility of microtubule was reached to its almost initial state and the velocity increased again upon further irradiation with 366 nm wavelength of light. In contrast, upon alternate irradiation of flow 35 cell of 1d with UV and visible light, no change was observed in the motility of microtubule. Fig. 3 shows variable and reversible microtubule speeds observed in the gliding assay in four states: prior to irradiation (100% E), after irradiation at 366 nm (Z-rich), after subsequent irradiation with visible light (E-rich) and after 40 subsequent irradiation at 366 nm (Z-rich).
Video in ESI shows microtubules motility of 1a before and after 366 nm irradiation. Starting with the flow cell in its E isomer rich state and the subsequent irradiation with 366 nm wavelength light, the controllable changes in the velocity of 1a, 45 1b and 1e was 13~15 % of the initial velocity in the E form. In the case of 1c with a glutamic acid residue the speed difference between the E and Z rich state was found to be about 9 %. At the same time 1d with a malonic acid substituent shows the identical microtubule velocity in E and Z isomeric forms. In contrast to the 50 results of photo-regulation of motility with the deprotected amino acid substituted moieties; no change in the velocity of the microtubules upon photoirradiation was detected (Fig. 4) .
In our previous report 28 two possible mechanisms were suggested to explain the change in the motility of kinesin-55 microtubule system upon the photoisomerization of azobenzene monolayer surface. One is that the photoisomerization induced a change in the interaction between the monolayer surface having positively charged amino groups and microtubules being rich in (1) (2) (4) (3) the negatively charged carboxylate groups. 52 The other one is that the photoresponsive monolayer affects to the activity of kinesin.
To investigate the influence of azobenzene functionalized monolayer on the activity of kinesin, a microtubule activated ATPase assay was performed in the same buffer condition as the 10 motility assay. We determined the rate at which ATP hydrolysis products are formed by using malachite green colorimetric method as explained in the experimental section. Fig. 5 and Z isomer was 14 % which shows the comparable correlation with the gliding velocity of MT at two different isomeric surfaces. On further irradiation with >500 nm, the inorganic phosphate release rate reduced to 5.14×10 -3 nmol min -1 μl -1 and the difference in the release rates between E and Z isomer was 12 %. 25 Similarly, the rate of inorganic phosphate release was switched for 1b-c and 1e monolayer surfaces, with similar behaviour as seen in the gliding velocity of MT at two different isomeric surfaces (ESI Fig. S3-S6 ). In contrast, the release rate of inorganic phosphate in protected azobenzene derivatives upon 30 alternate irradiation with UV and visible light is the same, a striking exact correlation with the MT speeds on the two, E and Z, isomeric states (data not shown).
From the results it is clear that, the change in motility of microtubule depends on terminal group of the surface monolayer. 35 (1)
When our photoresponsive azobenzene monolayer 1a, 1b or 1e presenting two or more free amino groups having a net positive charge in the buffer solution was used for the inverted motility assay experiment, the gliding velocity of microtubule in the Z state was 13~15 % higher than the gliding velocity in the E state.
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The azobenzene monolayer surface of 1c offering one negatively charged carboxyl group and one positively charged amino group gave an increase in microtubule velocity of 9 % in the Z state than the gliding velocity in the E state. In contrast negatively charged surface of 1d and non-polar surface of protected 10 monolayer didn't show any change in the gliding velocity between two isomeric forms. The striking exact correlation between the difference in the gliding velocity of microtubule driven by kinesin and the difference in the rate at which the ATP hydrolysis products 15 formed at two isomeric surfaces, E and Z, allows us to conclude that, the change in the microtubule gliding motility is mainly due to the change in activity of kinesin. It is already reported that the activity or the reaction kinetics of kinesin is changed depending on the nature of the surface of the substrate and in some extreme 20 cases, the kinesin is completely inactivated in the absence of a blocking protein on some substrates. 50 Recently Martin et al. reported that when the polymer of hydroxymethylated derivative of EDOT, (2,3-dihydrothieno [3,4-b] [1, 4] dioxin-methanol, 'CH 2 OH-EDOT') on surface was electrochemically transformed 25 from a cationic (doped) state to a neutral (dedoped) state and vice versa, the ATPase activity of the adsorbed kinesin can be controlled reversibly, resulted in the reversible control of the gliding speed of the associated microtubule between fast (in dedoped state) and slow (in doped state) mode. 53 It is reasonably 30 expected that the terminal amino groups with positive charge dive into the forest of alkyl chain of 2a or 2b during E-to-Z photoisomerization upon 366 nm wavelength light irradiation, which is proved by the increase in contact angle of the monolayer. So when the positively charged amino groups are exposed to the 35 surface at E state, the slowdown of microtubule motility is observed and when the alkyl chain is exposed to the surface at Z state, the motility of microtubule increased.
The relationship between the kinesin activity and the presence of positive charges on the surface is not clear. The possible 40 mechanism which can explain the change in the kinesin activity and the gliding motility of the microtubule is that the positive charge might have affected the secondary structure of the kinesin, resulting in a change in its activity of ATP hydrolysis. 45 We observed that an azobenzene monolayer surface needs to have free amino terminal groups for the dynamic control of the motility of microtubule. The surface of azobenzene monolayer with terminal amino groups can dynamically control the ATP hydrolysis activity of kinesin which further induces the change in 50 motility of microtubule. We believe that the reported method could facilitate the rational design of new type of photo controllable molecular devices if we could control the motility of microtubule between complete ON/ OFF switching. Currently we are trying to find out the more suitable terminal group which can 55 control completely the ON/ OFF switching of the function of kinesin.
Conclusions
